With the use of a multi-machine pedestal database, essential issues for each regime of ELM types are investigated. They include (i) understanding and prediction of pedestal pressure during Type I-ELMs which is a reference operation mode of a future tokamak reactor, (ii) identification of the operation regime of Type-II ELMs which have small ELM amplitude with good confinement characteristics, (iii) identification of upper stability boundary of Type-III ELMs for access to the higher confinement regimes with Type-I or -II ELMs, (iv) relation between core confinement and pedestal temperature in conjunction with the confinement degradation in high density discharges. Scaling and model-based approaches for expressing pedestal pressure are shown to roughly scale the experimental data equally well and initial predictions for a future reactor case could be performed by them. It is identified that q and δ are important parameters to obtain the Type-II ELM regime. A theoretical model of Type-III ELMs is shown to reproduce the upper stability boundary reasonably well. It is shown that there exists a critical pedestal temperature, below which the core confinement starts to degrade.
Introduction
The characteristics of the H-mode edge pedestal are crucial for characterizing the confinement and stability properties of the core plasma and for quantifying the effect of ELM energy load on divertor. Understanding and prediction of pedestal pressure during Type I-ELMs which is a reference operation mode of a future tokamak reactor are essential. Exploration of operation regimes which have small ELM amplitude with good confinement characteristics is also important. The operation regime of Type-III ELMs should be identified to access the higher confinement regimes with Type-I or -II ELMs. Analysis results on these issues using a multimachine pedestal database archived from major divertor tokamaks, ASDEX-Upgrade (AUG), Alcator C-Mod (C-Mod), DIII-D, JET and JT-60U, are presented in this paper. Analysis of the relation of core confinement and pedestal and a possible method to obtain improved pedestal conditions in high density discharges are also presented.
Pedestal Pressure During the Type-I ELMy Phase
To examine discharge parameter and machine size dependence of the pedestal pressure in the Type-I ELMy phase, we employ the following two approaches; scaling approach and model based approach. In the first approach, the offset non-linear confinement scaling for ELMy Hmode plasmas proposed in [1] is used. Experimental data are compared with the pedestal part of this scaling. In the second approach, the pedestal width model proposed in [2] is used together with the analytical expression for the critical pressure gradient determined by the ideal ballooning mode assuming that the gradient in the Type-I ELMy phase is close to this stability boundary (first stability boundary).
From the offset non-linear confinement scaling, the total thermal stored energy Wth in an ELMy H-mode plasma is expressed as follows [ Fig. 1(a) . We found that AUG, DIII-D, JET and JT-60U data are roughly fitted by this scaling. C-MOD data are not included in this comparison, since regular Type-I ELMs have not been observed in C-MOD. It is interesting to note that the pedestal pressure is roughly expressed by some typical engineering parameters ( i.e. I p , B t , a and R) not including T e and n e . For discharges with fixed I p and B t in each machine, this scaling predicts the same pedestal pressure, though, in some machines, e.g., DIII-D, JET, the pedestal pressure varies with varying plasma density. Such data lie vertically in the figure, which implies that some other parameter dependence may be needed for further improvement of the scaling. In the model-based approach, we employ the model for pedestal width ∆ ped proposed in [2] , which is expressed as ∆ ped tor S ∝ ρ 2 (S, ρ tor are magnetic shear and toroidal Larmor radius, respectively). Employing a simple analytic formula for the critical pressure gradient ∇p c ped , the resultant expression for the pedestal pressure is written as follows. 
Magnetic shear in the pedestal region is significantly affected by bootstrap current driven by the steep pressure gradient. Although, in some machines, calculated the magnetic shear data by e.g., the EFIT code are archived, shear data derived from current profile measurement are not available in the present database. Thus, we will examine here the expression with magnetic shear effect omitted. Comparison of this expression with the experimental p ped is shown in Fig. 1(b) . It is seen that JET, AUG, and JT-60U data in the present database lie roughly on the diagonal line, though there are some separations between machines. Some deviation of DIII-D data from the diagonal line could be interpreted by their much steeper pressure gradient due to the second stability regime, which is out of scope of this model. Separation between each machine e.g., JET and JT-60U might be reduced by the inclusion of magnetic shear, which is to be confirmed by the archive of shear data in future. Inclusion of the magnetic shear effect has been partially examined in [2] , and it has been demonstrated that the systematic deviation in JET data from the dependence of Eq. (3) without shear, can be improved by introducing the calculated shear. It has also been shown that the spatial profile of magnetic shear naturally introduces almost linear machine size dependence of the width, which distinguishes this model from simple Larmor radius scaling [2] . In concluding these studies, both approaches can roughly scale the experimental data equally well and initial prediction for a future reactor could be performed by them. However, further improvement in both approaches is needed, as indicated above.
H-mode regimes with small ELMs
While the Type-I ELM is the most common H-mode regime, it is recognized that, with high pedestal pressure, the energy loss associated with each ELM can be large. There is a serious concern for reactor-scale devices that divertor erosion due to ELMs could be unacceptably high [3] , motivating the search for regimes with good confinement but much smaller ELMs. Such regimes have been found on several experiments, including the 'Low Particle Confinement' (LPC) H-mode on JET [4] , the Enhanced D α (EDA) H-mode on Alcator C-Mod [5] , and Type II or grassy ELMs on DIII-D [6] and JT-60U [7] , While these differ in some details, they all have energy confinement τ E as good as, or even better than, Type-I ELMy Hmode and low particle confinement, preventing impurity buildup.
Type-II or 'grassy' ELMs have been frequently observed on both DIII-D and JT-60U. They appear to be periodic MHD events, similar to Type-I or -III ELMs but at much higher frequency and smaller amplitude. On JT-60U, the width and height of the T i pedestal, and thus τ E , can increase above values with Type-I ELMs. In the C-Mod EDA regime, in contrast, periodic MHD relaxations are normally not observed. Enhanced particle transport is caused by continuous, quasi-coherent fluctuations which are localized in the density pedestal region. These have f ~ 100 kHz in the lab frame and k θ ~ 3-6 cm -1
. EDA H modes have similar pedestals, and only slightly reduced τ E , compared to ELM-free H modes. The LPC H modes on JET [4] share many characteristics of the EDA regime.
Using the pedestal database, as well as published studies on each machine, the conditions for obtaining small ELMs on various experiments have been compared and many similarities found. Shaping is generally an important factor. On DIII-D, Type-II ELMs were observed only at high elongation, κ > 1.8 and triangularity, δ > 0.4. δ av > ~ 0.4 was also required on both JT-60U [8] and C-Mod [9] . These experiments also find a lower limit for the safety factor q 95 (> ~ 3.5 on C-Mod, > ~ 4 on JT-60U). Recently small ELMs, which may be Type II, have been reported on AUG with δ av > 0.4 and q 95 > 4.5 [10] . The operational spaces for Grassy ELMs and EDA, on JT-60U and C-Mod respectively, are compared in Fig. 2 . The similarity between them, and to conditions on AUG, suggests that, despite the differences in observed edge phenomena, there may be common physics in the regimes. Edge density fluctuations have not yet been measured in the JT-60U Grassy ELM regime, so it is not known if these play a role. JT-60U generally operates at higher β than C-Mod, which might explain the more apparent magnetic signatures. In fact, at β N > 1.2 some small ELMs have been seen in addition to the coherent fluctuations on C-Mod. Small ELM regimes have been observed on various machines with ohmic, ICRF and NB heating, showing that they not are related to heating method or fast particles.
Regimes of Type III ELMs
The regime in which Type-III ELMs are found has been compared with a recent model [11, 12] . This model presumes that the Type-III ELMs are driven by the interchange resistive instability caused by magnetic stochasticity (flutter), so-called RI-F instability. This mode is stabilized by electric field shear, which provides the upper boundary in the average pedestal temperature for Type-III ELMs. Comparison of this upper boundary with AUG and DIII-D are shown in Figs. 3 (a) and (b) , respectively. It is seen that the theoretical prediction can well reproduce the upper boundary for the Type-III ELM regime in both machines. Examinations on C-MOD also show good agreement with the theory. According to these comparisons, the theory could be a possible candidate for the Type-III ELMs, while more detailed comparison for wide parameter ranges will be necessary to improve the theory or to explore other possible models.
Boundary condition for core confinement
In order to achieve sufficiently high fusion gain and high radiative power in the SOL and divertor regions, high density operation is essential for a tokamak reactor. However, energy confinement (the H factor) in ELMy H modes tends to degrade with increasing density. This section introduces the database of pedestal parameters as the boundary condition for the core confinement and suggests a method to obtain improved pedestal conditions at a high density. It has been observed in the Type-I ELMy regime that the temperature at the pedestal shoulder decreases with an increase pedestal density (see Fig. 4(a) ). Experimentally, there are two typical cases in the pedestal pressure when density or gas puffing rate is increased. In JT-60U and AUG, the pedestal pressure remains roughly constant (n ped T ped ~ const.) for fixed I p , B t and plasma shape [13] [14] [15] . In JET, the pedestal pressure gradually decreases with density [16] . The energy confinement during H modes depends in both cases strongly upon the pedestal temperature as shown in the Fig. 4(b) [17] . In this dataset, it can be seen that once a critical temperature is exceeded (T e ped ~ 1.3-1.4 keV) the impact of the pedestal temperature on the energy confinement weakens. To determine whether the critical temperature is universal or would vary in other conditions, further study is necessary. A confinement improvement with increasing pedestal temperature takes place below the critical pedestal temperature. It should be noted here that confinement degradation at a high density is mainly attributed to the core confinement deterioration. Thus, in the H mode where the pedestal pressure is limited by Type-I ELMs, an increase in the pedestal density reduces the pedestal temperature, and if the pedestal temperature becomes lower than a certain level, confinement starts to degrade with decreasing temperature or increasing density. One observes an increase in the density where confinement degradation sets in with increasing triangularity because the pedestal pressure increases with triangularity (by ~ 40% from δ = 0.1 to 0.45 in JT-60U). In a high density regime, the H factors are observed to increase with triangularity in JT-60U [18] , AUG [19] and JET [16] . In high triangularity discharges, the pedestal temperature becomes higher and a higher energy confinement of the core plasma can be obtained at a given pedestal density. 
